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Abstract – A CyMe4-BTPhen functionalized silica gel that selectively extracts 
Am(III) over Eu(III) from 4 M HNO3 with a separation factor > 154 has been 
developed. Evidence is presented that the counterion surrounding the M(III) in the 
proposed 1:1 [BTPhen:M(III)] complex plays an important role in the 
complexation of Am(III) and Eu(III). 
Separation of minor actinides (Am/Cm) from lanthanides is a key step in the reduction of radiotoxicity 
and thermal emission of nuclear waste.1 The removal of these elements, which account for ~ 0.1% by 
mass but for ~ 90% long-lived radiotoxicity of the waste could reduce both the duration of the 
radiological hazard and the volumes of high-level waste.2,3 One proposed approach currently being 
studied for the long-term management of high-level waste after PUREX (plutonium and uranium redox 
extraction) reprocessing currently used in Europe is to separate the minor actinides (An) from the 
lanthanides (Ln); after which an can be transmuted into short-lived radionuclides or stable non-
radioactive elements using high-energy neutrons in a generation iv reactor.4–9 However, this separation is 
very difficult given the similar chemical properties of the Am(iii), Cm(iii) and Ln(iii).10 
Nevertheless, previous studies have shown that soft N-donor ligands containing the 1,2,4-triazine moiety 
(Figure. 1) are capable of separating An(III) from Ln(III) in a solvent-based SANEX (Selective ActiNide 
EXtraction) process.11–13 The selectivity of these reagents for An(III) over Ln(III) is believed to arise from 
a larger degree of covalency in the An(III)-N bond.14–16 Bis-(1,2,4-triazine) molecules, such as the 
tridentate 2,6-bis(1,2,4-triazine-3-yl)pyridines (BTPs), and the quadridentate 6,6’-bis(1,2,4-triazin-3-yl)-
 2,2’-bipyridines (BTBPs) depicted in Figure. 1, show high selectivities, with 2,9-bis(5,5,8,8-tetramethyl-
5,6,7,8-tetrahydrobenzo[1,2,4]triazin-3-yl)-1,10-phenanthroline (CyMe4-BTPhen 3) showing optimum 
extraction performance in the laboratory to date.17–20 
 
Figure 1. Structural formulae of CyMe4-BTP 1, CyMe4-BTBP 2 and CyMe4-BTPhen 3 
 
Although several other partitioning processes21 have also been proposed and studied to separate An(III) 
from Ln(III), most of these processes utilize liquid-liquid extraction technology that brings certain 
disadvantages, in particular requiring large volumes of organic solvents, which can become degraded, 
reducing performance and needing to be disposed as secondary waste.22–25 Furthermore, liquid-liquid 
extraction processes often require phase modifiers and can encounter problems with third phase 
formation.26 To overcome the disadvantages of liquid-liquid extraction, systems based on solid phase 
extractants have been proposed.23–28 We have recently developed and reported magnetic nanoparticle 
(MNP) and silica gel-based solid phase extractants (Figure. 2), where we have demonstrated that 
immobilized BTPhen type ligands could be used either to extract both An(III) and Ln(III) at low 
concentrations of HNO3 or to extract An(III) selectively over Ln(III) at high concentrations of HNO3.
29,30  
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Figure 2. Structural formulae of CyMe4-BTPhen-functionalized SiO2-coated MNP 4 and tetra(4-
hydroxyphenyl)-BTPhen-functionalized SiO2 gel 5 
 
  
Previously, we reported a partitioning process for minor actinides and lanthanides based on a column 
separation technique using the novel tetra(4-hydroxyphenyl)-BTPhen-functionalized SiO2 gel 5.
29 Herein, 
we report the synthesis and extraction properties of a new CyMe4-BTPhen-functionalized SiO2 gel 8 and 
investigations into the nature of the counterion influence on extraction efficiency. 
The (4-hydroxyphenyl) functionalized CyMe4-BTPhen ligand 6 was synthesized following a previously 
described protocol and was then immobilized onto commercially available chloropropyl-functionalized 
SiO2 gel 7 as shown in Scheme 1.
30 
 
 
 Scheme 1. Immobilization of (4-hydroxyphenyl) functionalized CyMe4-BTPhen 6 on silica gel
 
Fourier transform infrared spectroscopy (FT-IR), elemental analysis (EA) and thermogravimetric analysis 
(TGA) were used to assess the degree of incorporation of ligand 6 onto the silica surface. The presence of 
absorption bands at 1500–1600 cm-1 assigned to C=C aromatic vibrations in the FT-IR spectrum (ESI†) 
for 8 provided evidence of the covalent functionalization of 6 onto the SiO2 surface. EA (ESI†) showed 
an increase in the content of CHN compared to chloropropyl-functionalized SiO2 gel 7 and TGA (ESI†) 
allowed the determination of the degree of surface modification through comparison of the relative mass 
loss compared to 7 indicating that the content of 6 in the CyMe4-BTPhen-functionalized SiO2 gel 8 was ~ 
25% w/w.  
In the initial investigations, the aqueous solutions for the immobilized ligand extraction experiments were 
prepared by spiking nitric acid (HNO3) and perchloric acid (HClO4) solutions (0.001 – 4 M) with stock 
 solutions of 241Am and 152Eu and then adding 1 mL of the spiked aqueous solution to an accurately 
weighed amount of CyMe4-BTPhen-functionalized SiO2 gel 8 or CyMe4-BTPhen-functionalized SiO2-
coated MNPs 4. The suspensions were sonicated for 10 min and shaken at 1800 rpm for 90 min. After 
centrifuging for 10 min, aliquots of the supernatant were separated and taken for gamma measurements. 
The weight distribution ratios are defined as Dw = (I0 – I)/I . V/m, where I0 and I were initial and final 
count rates in the taken standard/aliquot, V is a volume of an aqueous phase shaken and m is a mass of the 
material 8 or 4. The separation factor is SFAm/Eu = DwAm / DwEu.  
Extractions were studied at HNO3 and HClO4 concentrations of 0.001 M, 0.1 M, 1 M and 4 M. The 
weight distribution ratios (DwAm and DwEu) and separation factors for Am(III) over Eu(III) (SFAm/Eu) for 
CyMe4-BTPhen-functionalized SiO2 gel 8 as a function of HNO3 concentration are shown in Figure. 3. 
High weight distribution ratios (Dw > 160) were obtained for both Am(III) and Eu(III) at 0.001 M HNO3 
solution with no significant selectivity (SFAm/Eu = 1.1 ± 0.1) for Am(III) over Eu(III). At 0.1 M HNO3, 
there was an increase in Dw values for both Am(III) (DwAm = 11630 ± 2033) and Eu(III) (DwEu = 5618 ± 
720) resulting in SFAm/Eu = 2.1 ± 0.4. Subsequently, decreases in the Dw values for both Am(III) and 
Eu(III) were observed (DwAm = 3813 ± 384, DwEu = 63.9 ± 2.3) at 1 M HNO3 solution, but now a higher 
separation factor (SFAm/Eu = 60 ± 6) resulted. Finally, at 4 M HNO3, although a decrease in Dw value for 
Am (III) gave DwAm = 354 ± 12; the Dw value observed for Eu(III) was < 2.3 and the resulting separation 
factor was SFAm/Eu > 154.  
The reduction in Dw with increasing [HNO3] for CyMe4-BTPhen-functionalized SiO2 gel 8 was also 
previously observed for 4 and 5 and may, to some extent, be attributed to the increased degree of ligand 
protonation and thus decreased free ligand concentration.29,30 The effect of HNO3 concentration on the 
degree of extraction of Am(III) and Eu(III) also mirrors that of 4 and 5, where it was concluded that the 
limited length of the linking-chain on the MNP/silica gel forced the quadridentate BTPhen ligand to form 
a 1:1 complex with 10-coordinate M(III) cations.29,30 Thus, whilst the decreasing pH affected the 
extraction of both Am(III) and Eu(III), we were intrigued by the possibility that it might be the nature of 
the counterion surrounding the M(III) species in the 1:1 complex that was leading to the increasing 
distinction between  Am(III) from Eu(III) at increasing HNO3 concentration. 
The effect of HNO3 concentration on the degree of extraction of Am(III) and Eu(III) also mirrors that of 4 
and 5, where it was concluded that the limited length of the linking-chain on the MNP/silica gel forced 
the quadridentate BTPhen ligand to form a 1:1 complex with 10-coordinate M(III) cations.29,30 Thus, 
whilst the decreasing pH affected the extraction of both Am(III) and Eu(III), we were intrigued by the 
possibility that it might be the nature of the counterion surrounding the M(III) species in the 1:1 complex 
 that was leading to the increasing distinction between  Am(III) from Eu(III) at increasing HNO3 
concentration. 
 
 
Figure 3. Extraction of Am(III) and Eu(III) by CyMe4-BTPhen-functionalized SiO2 gel 8 as a function of 
HNO3 concentration. Mass of sorbent: approximately 16 mg, phase volume: 1 mL, V/m ratio: ~ 60 mL g
-1 
 
 
Figure 4. Extraction of Am(III) and Eu(III) by CyMe4-BTPhen-functionalized SiO2 gel 8 as a function of 
HClO4 concentration. Mass of sorbent: approximately 15 mg, phase volume: 0.6 mL, V/m ratio: ~ 40 mL 
g-1 
 
 
Figure 5. Extraction of Am(III) and Eu(III) by CyMe4-BTPhen-functionalized SiO2-coated MNPs 4 as a 
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Figure 6. Extraction of Am(III) and Eu(III) by CyMe4-BTPhen-functionalized SiO2 gel 8 as a function of 
HClO4 / HNO3 concentration. Mass of sorbent: approximately 15 mg, phase volume: 0.6 mL, V/m ratio: 
~ 40 mL g-1 
 
In order to probe whether the counterion exerts an influence on extraction efficiency, the extraction 
experiments were repeated, but replacing HNO3 with HClO4. Figure. 4 and Figure. 5 show weight 
distribution ratios for Am(III) and Eu(III) (DwAm and DwEu) and separation factors for Am(III) over 
Eu(III) (SFAm/Eu) for CyMe4-BTPhen-functionalized SiO2 gel 8 and CyMe4-BTPhen-functionalized SiO2-
coated MNPs 4 as a function of HClO4 concentration (0.001 M – 4 M), respectively. Similarly, to its 
behaviour in HNO3, for CyMe4-BTPhen-functionalized SiO2 gel 8 (Figure. 4), the Dw values for both 
Am(III) and Eu(III) initially increased, achieving maximum values at 0.1 M HClO4, and then decreased 
with increasing HClO4 concentration, in agreement with the earlier results. Even though high Dw values 
were obtained for both Am(III) (DwAm = 221 ± 9 and DwAm = 6864 ± 1298) and Eu(III) (DwEu = 145 ± 5 
and DwEu = 312 ± 14) at 0.001 M and 0.1 M HClO4 concentrations, all the values (except for those at 
0.001 M HClO4) are significantly lower than those measured in HNO3. In this case the separation factors 
were calculated as SFAm/Eu = 1.5 ± 0.1, 22.0 ± 2.6, 119 ± 27 and ~ 1 at 0.001, 0.1, 1 and 4 M HClO4, 
respectively. When comparing 8 in HNO3 and HClO4, the absence of the NO3
– counterion decreases the 
values of Dw, especially at higher acid concentrations. This can be taken as support for the proposal that 
the bidentate properties of the nitrate ion play an important role in Am(III) and Eu(III) separation. The 
separation factors SFAm/Eu are similar in nitric and perchloric acids except for the case of 4 mol/L 
concentration where the substitution of HNO3 with HClO4 results in a dramatic drop of SFAm/Eu from 
> 154 in HNO3 down to ~ 1 in HClO4. 
As anticipated, CyMe4-BTPhen-functionalized SiO2-coated MNPs 4 exhibited similar extraction 
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 behaviour (Figure. 5) to 8 in HClO4 solutions showing highest Dw values for both Am(III) (DwAm = 40 ± 1 
and DwAm = 153 ± 6) and Eu(III) (DwEu = 23 ± 1 and DwEu = 18 ± 1) at 0.001 M and 0.1 M HClO4 
concentrations and low Dw < 2.5 at 1 M HClO4 with no extraction observed for Am(III) or Eu(III) at 4 M 
HClO4. When compared with its behaviour in HNO3 presented in our earlier paper
31 (ESI†), the general 
trend – decrease of Dw values with increasing acid concentration – is maintained for 4 in perchloric acid, 
too. However, in addition to generally lower values of Dw with increasing acid concentration, a significant 
difference in values of SFAm/Eu, especially at higher concentrations, was observed. While the values of 
separation factor for 4 in HNO3 were SFAm/Eu = 65 ± 5 and SFAm/Eu > 1300 at 1 M and 4 M HNO3, 
respectively, no significant Am/Eu separation is observed in HClO4 at these concentrations. This may 
again be associated with the bidentate properties of the nitrate anion. 
To investigate the effect of [HNO3] on extraction efficiency further, experiments were conducted at 
combined [HNO3 + HClO4] of 0.001 M, 0.1 M, 1 M and 2 M. Figure. 6 shows weight distribution ratios 
for Am(III) and Eu(III) (DwAm and DwEu) and separation factors for Am(III) over Eu(III) (SFAm/Eu) for 
CyMe4-BTPhen-functionalized SiO2 gel 8 as a function of [HNO3 + HClO4] (0.001 M – 2 M). Similarly, 
to the behaviour in HNO3 alone (Figure. 4), the Dw values for both Am(III) and Eu(III) initially increased, 
achieving maximum values at 0.1 M [HNO3 + HClO4], and then decreased with increasing [HNO3 + 
HClO4], confirming significant role of  NO3
- in Am(III) and Eu(III) separation with immobilized BTPhen 
ligands. 
In conclusion, we report a remarkable capablity of CyMe4-BTPhen-functionalized SiO2 gel 8 that 
achieves highly efficient extraction of both minor actinides and lanthanides at low concentrations of 
HNO3 yet exhibits high selectivity for minor actinides over lanthanides at 4 M HNO3 (SFAm/Eu > 154). 
This constitutes the most efficient partitioning process for minor actinides and lanthanides based on an 
immobilized ligand system thus far. We conclude that the three bidentate nitrate ions surrounding the 
M(III) in the 1:1 complex play an important role in the distinction between the minor actinides and 
lanthanides and it is the NO3
– concentration that is responsible for the selective separation of minor 
actinides from lanthanides at high HNO3 concentrations.
32 An interesting finding is the significant 
difference between the extraction properties of the new CyMe4-BTPhen-functionalized SiO2 gel and the 
CyMe4-BTPhen-functionalized SiO2-coated MNPs. Even though both systems involve the same ligand 
grafted onto the support in an identical manner, their behaviour is markedly different. 
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